INTRODUCTION
In the recent years, the research on lowering the levels of carbon dioxide emissions has been promoted globally. As one of the many solutions, the use of biodiesel fuel BDF made from renewable feedstock, such as vegetable oil, is rapidly increasing. As the BDF production increases, the production volume of glycerol, as a side product, is estimated to reach 1 million metric tons per year. Therefore, the effective use of surplus glycerol has been actively investigated globally 1 . Moreover, the research on commodity chemicals produced by the selective etherification of glycerol is under consideration, as these chemicals have not yet been put to practical use. Monoalkyl glyceryl ethers, in which one of the three hydroxyl OH groups of glycerol is etherified with an alkyl group, have many potential uses such as surfactants and solvents. In particular, 3-2-ethylhexyl oxy 1,2-propanediol is widely used as a co-surfactant and an antibacterial agent in soaps and detergents 2 . However, the direct etherification of glycerol with alkyl alcohols generally affords a mixture of mono-, di-, and tri-alkyl ethers of glycerol, which in turn can greatly increase the production costs because the undesired by-products may need to be removed. Therefore, glycerol cannot be used for the pro-duction of mono-glyceryl ethers. Instead, epichlorohydrin has been used, as the starting material, for producing these mono-glyceryl ethers, even though it is known to cause safety problems as a probable carcinogen in humans. Thus, alkyl glycidyl ethers, synthesized from alkyl alcohols and epichlorohydrin under alkaline conditions, are hydrolyzed to afford the desired glyceryl ethers 3 . On the other hand, benzyl alcohol is used as a general solvent for hair dyes; however, it causes dermal irritation for people with a sensitive skin condition. Therefore, the development of highly safe solvents for this purpose is needed. Studies have been reported on the selective etherification of glycerol with compounds similar to benzyl alcohol. Mota et al. reported the etherification of glycerol with benzyl alcohol catalyzed by different solid acids 4 ; monobenzyl glyceryl ether was the main product in the reactions catalyzed by β zeolite and Amberlyst-35. The yields of the monobenzyl glyceryl ethers produced using these catalysts were 50 ; however, these catalysts also generated the same quantity of undesired product, dibenzyl glyceryl ether. Macquarrine et al. reported that microwave heating conditions effectively promoted the etherification of glycerol with diverse alcohols catalyzed by Starbon-400R supported sulfonic acid SO 3 H moieties 5 . They investigated Abstract: The selective preparation of monobenzyl glyceryl ethers, which are potential commodity chemicals with special functions, was explored to find new applications for glycerol. Among the acid catalysts investigated (sulfuric acid, heteropoly acid, Nafion R , and zeolite), Zeolite Socony Mobil-5 (ZSM-5) afforded better results. The reaction of equimolar amounts of glycerol and benzyl alcohol at 150ºC for 7 h in the presence of 2 wt% ZSM-5 selectively afforded 3-(benzyloxy)propane-1,2-diol with a very small amount of the corresponding 2-benzyloxy isomer in 86% gas chromatography yield.
Key words: glycerol, benzyl alcohol, monobenzyl glyceryl ethers, selective etherification, Zeolite Socony Mobil-5 (ZSM-5) the etherification of glycerol with 1-phenyl-1-propanol using this catalyst and only 3 min of microwave irradiation; 3-1-phenyl-1-propyloxy -1,2-propanediol and 2-1-phenyl-1-propyloxy -1,3-propanediol were obtained in 95 and 5 yields, respectively. They also reported that in the etherification of glycerol with benzyl alcohol, the conversion yield of 3-benzyloxy-1,2-propanediol varied from 95 at the molar ratio of 3-benzyloxy-1,2-propanediol to 2-benzyloxy-1,3-propanediol 5:1. Francois et al. reported the etherification of glycerol with 1-phenyl-1-propanol catalyzed by silica-supported SO 3 H moieties 6 ; monoalkyl glyceryl ether was prepared from glycerol and 1-phenyl-1-propanol using this catalyst in 70 yield. However, the undesired β-monoalkyl glyceryl ether was also obtained with more than 10 regioselectivity and a large excess of glycerol was required.
In this study, we investigated the direct etherification of glycerol with benzyl alcohol in the presence of various solid catalysts. Consequently, we found that a certain zeolite catalyst with a special structure was effective for the regioselective production of monobenzyl glyceryl ether in high yield.
EXPERIMENTAL PROCEDURES

Materials
Glycerol special grade 99.9 and benzyl alcohol special grade 98.0 were purchased from Kanto Chemicals Co. and Tokyo Chemical industry Co., respectively. Acetic anhydride special grade 97 and pyridine special grade 99.5 were purchased from Kanto Chemicals Co. and used without purification. The authentic compounds, R --3-benzyloxy-1,2-propanediol, 2-benzyloxy-1,3-propanediol, 1,3-bis benzyloxy -2-propanol, and dibenzyl ether were purchased from TCI Co. The catalysts used in this work are listed in Table 1. 2.2 Typical procedure for the reaction of glycerol with alcohols The etherification reaction was carried out in a 50 mL flask under magnetic stirring. A mixture of glycerol 10.2 g, 0.11 mol , benzyl alcohol 12.4 g, 0.11 mol , and zeolite catalyst 0.5 g, 2 wt was stirred at 150 . After 7 h, an aliquot of the reaction mixture was directly analyzed by GC using tetradecane as the internal standard. The selectivities and yields of the monobenzyl glyceryl ethers, dibenzyl glyceryl ethers, and dibenzyl ether were calculated as follows:
where A is the rate of the GC area for the unreacted glycerol , B is the rate of the GC area for the unreacted benzyl alcohol , and C is the rate of the GC area for the monobenzyl glyceryl ethers .
Yield
where D is the starting glycerol g , E is the monobenzyl glyceryl ether g/mol , F is the glycerol g/mol , G is the monobenzyl glyceryl ether , H is the glycerol g , and I is the benzyl alcohol g .
Measurements
The gas chromatography GC analyses were carried out using a HP-5890 gas chromatograph Hewlett-Packard Co. equipped with an HP ultra column length: 25 m, internal diameter: 0.20 mm, and a film thickness of 0.33 μm . The temperature program of the gas chromatograph started at 
RESULTS AND DISCUSSION
Effect of catalysts
The reactions of glycerol with benzyl alcohol were carried out in the presence of the various catalysts Table  2 . In the case of the liquid/solid acids C1 and C2 in Table  2 , the etherification proceeded rapidly; however, the dibenzylation of glycerol was the predominant reaction. The same results were obtained in the case of PW 12 O 40 C3 and Nafion NR50 C4 . On the other hand, C5, C6, and C12 catalysts afforded a trace amount of the dibenzyl glyceryl ethers. In particular, ZSM-5 seems to be an appropriate candidate for the mono-benzylation of glycerol because the monobenzyl glyceryl ethers were formed in more than 95 selectivity. Therefore, further studies were carried out using various zeolites.
Effect of zeolites
The yields of the monobenzyl glyceryl ethers, dibenzyl glyceryl ethers, and dibenzyl ether using a series of zeolites are shown in Table 3 along with the data of pore size and ratio of SiO 2 to Al 2 O 3 of the zeolite catalysts. The basic structural units of all zeolite frameworks comprise a silicon or an aluminum atom tetrahedrally coordinated to four oxygen atoms. Ferrierite and ZSM-5 have a 10-membered ring, whereas Beta has a 12-membered ring. Three types of ZSM-5 catalysts C10, C11, and C12 selectively afforded the monobenzyl glyceryl ethers. The results in Table 3 indicated that the yields and regioselectivities of this reaction can be attributed to the stereochemical structure of the reactants and pore size of the catalysts. In the case of catalysts C10 and C11 SiO 2 
ZSM-5 catalyzed etheri cation of various alcohols
The etherification of glycerol with other alcohols was carried out in the presence of catalyst C11. The results are shown in Table 4 . In contrast to unsubstituted benzyl alcohol, a significant quantity of the corresponding diglyceryl ether was detected in the case of 4-methylbenzyl alcohol. Furthermore, the etherification was dramatically hindered when 2-methylbenzyl alcohol was used in this reaction. The results indicate that the position of the substituent in the benzyl alcohols is an important factor in this etherification, i.e., the corresponding benzyl carbocation C 6 H 5 CH 2 intermediate of 4-methylbenzyl alcohol is more stable than that of benzyl alcohol because of the electrondonating effect of the 4-methyl substituent. Therefore, the yield of the corresponding diglyceryl ether in the case of 4-methylbenzyl alcohol increased compared to that of benzyl alcohol. In addition, when 2-phenylethanol was used instead of benzyl alcohol, it did not react with glycerol under these reaction conditions. Therefore, this reaction may proceed through a benzyl carbocation C 6 H 5 CH 2 intermediate. We guess that this etherification is connected with the pore size of the ZSM-5. It is seemed that benzyl alcohol and 4-metylbenzyl alcohol are smaller than the pore size of the ZSM-5 5 , so they could react glycerol, whereas 2-metylbenzyl alcohol is bigger than the pore size of the ZSM- 5 5 because of the meta-methyl group, so it cannot react glycerol. Figure 1 shows the relationship between the yield of each product and the reaction time at different temperatures, 150 and 180 in the case of catalyst C10. The rate of formation of monobenzyl glyceryl ether 1 at 180 was much faster than that of 1 at 150 . However, the yield of target 1 was more at 150 than at 180 after 8 h because of the formation of by-product 2 after 5 h at 180 . Figure 2 shows the effect of the molar ratio of glycerol to benzyl alcohol on the yields of products 1 and 2. The total yield of the glyceryl ethers increased by using a slight excess molar ratio of benzyl alcohol to glycerol; however, the selectivity of target compound 1 decreased.
Appropriate reaction conditions 3.4.1 Effect of reaction temperature
Effect of the molar ratio of glycerol to benzyl alcohol
Effect of the amount of catalyst
The effect of the amount of catalyst on the reaction yield was explored Fig. 3 . The total yield of the products increased; however, the selectivity of target product 1 decreased with increasing catalyst amount.
The yields of monobenzyl glyceryl ethers increased with the increase in the amount of the catalyst. However, in case of 5 wt of the catalyst, the by-products are formed.
3.5
Comparison of the reactivity of hydroxyl groups of glycerol The etherification of glycerol with benzyl alcohol afforded two types of monobenzyl glyceryl ethers, 3-benzyloxy propane-1,2-diol 1a and 2-benzyloxy propane-1,3-diol 1b . Figure 4 shows the yields of glyceryl ethers 1a, 1b, and 2, by the reaction of glycerol with an equimolar amount of benzyl alcohol in the presence of catalyst C10 at 150 .
In the reaction, only a 2 yield of 1b was obtained. The results indicate that the reaction proceeded through a stable C 6 H 5 CH 2 intermediate.
CONCLUSION
To utilize the production of surplus glycerol effectively, the selective etherification of glycerol with benzyl alcohol in the presence of certain zeolites, as the acid catalyst, was investigated. In particular, the reaction of almost equimolar amounts of glycerol and benzyl alcohol at 150 for 7 h in the presence of 2 wt of ZSM-5 SiO 2 /Al 2 O 3 30 selectively afforded 3-benzyloxy propane-1,2-diol 1a with a very small amount of the corresponding 2-benzyloxy isomer in 80-86 GC yield.
Fig. 1
Yields of monobenzyl glyceryl ethers 1 and dibenzyl glyceryl ethers 2 at 150 and 180℃ in the case of catalyst C10 (2 wt%), glycerol/benzyl alcohol = 1.0 (molar ratio).
Fig. 2
Yields of monobenzyl glyceryl ether 1 and dibenzyl glyceryl ether 2 in the case of catalyst C10 at 150℃ for 7 h.
Fig. 3
Yields of monobenzyl glyceryl ethers 1 and dibenzyl glyceryl ethers 2 in the case of catalyst C10 at 150℃ for 7 h and a molar ratio of glycerol to benzyl alcohol = 1.0.
Fig. 4
Regioselectivity of 1a and 1b (the reaction conditions are mentioned in the text).
